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Ultraviolet light amplification within a nanometer-sized layer
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Light amplification in the ultraviolet region is confirmed in mixed rubidium-cesium chloride crystals at room
temperature. The probe laser light, which falls on the 275-nm band of Auger-free luminescence~AFL! arising
from radiative transition of the Cl 3p valence electrons into the Cs 5p core holes, is enhanced in intensity
when the deep-lying Rb 4p core electrons are pumped into the conduction band by undulator radiation from an
electron storage ring. The obtained enhancement factor roughly corresponds to an amplification coefficient of
73103 cm21, which is much higher than those of typical solid-state lasers. It is emphasized that the ampli-
fication of AFL occurs in a surface layer as thin as about 20 nm, and that the inverted population between the
valence and core bands is realized with any pump power. The present observation provides us with a new
possibility of nanolaser fabrication.
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Nanometer-sized lasers~nanolasers! have recently at-
tracted a great deal of attention. From a scientific asp
these lasers present interesting quantum-mechanical
nomena such as the quantum confinement effect
threshold-less laser oscillation. From an application asp
nanolasers are expected to be a key element in realizin
optical computer on a single semiconductor chip or in
grated optical fiber communication devices. The main tre
of developing such lasers is now directed to semicondu
lasers.1

Solid-state laser materials including various types
semiconductors have been intensively investigated, revea
their practical usefulness, e.g., the ease of handling and
rability from optical and mechanical points of view. Com
pared to the development of solid-state lasers emitting wa
lengths of light extending from 450 nm in the blue to 10mm
in the infrared, laser-active materials for the ultraviolet
gion between 180 and 300 nm have been less explore
far. If a solid-state laser, which emits coherent sho
wavelength light and has a very small size, becomes a r
ity, it will open a way for evolving high-speed informatio
processing devices as well as basic sciences.

For the development of short-wavelength nanolasers,
take notice of utilizing Auger-free luminescence.2,3 A simple
quantum theory on atoms, molecules, and monoatomic s
states predicts that the energy separation between the n
boring electronic levels becomes larger for deeper levels
long as they are in a Coulomb-like potential. In such a s
ation, no intense photoluminescence is emitted even if p
tive holes are generated in a shallow-lying core state,
cause the Auger effect inevitably takes place. Interestin
enough, this is not the case in some compound mate
where the reverse order of the energy separation can o
for certain levels. When a hole is generated in the outerm
core band of these materials, intrinsic luminescence du
0163-1829/2001/63~8!/081104~4!/$15.00 63 0811
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radiative transitions from the valence band to the outerm
core band is observed in a wide spectral range from 160
400 nm, without engendering Auger electrons. This spec
luminescence is induced by the excitation with photons2,3 or
electron beams,4 and has been named Auger-free lumine
cence~AFL!.5 The AFL is characterized by a relatively hig
yield and a high-temperature stability.5,6

Because both the valence and core bands are fully po
lated in thermal equilibrium, the population inversion b
tween these two bands will easily occur with any intensity
excitation through which some empty~hole! states are cre-
ated in the lower core band. This means that AFL materia
a good candidate for efficient laser-active materials. In c
trast to the usual solid-state lasers where active compon
are impurities doped into host materials, the active com
nent in the present case is AFL material itself. This fact m
promise high-density excitation in favor of nanoscale la
action without accompanying any difficulty caused by hea
doping of impurities.

A few experiments on light amplification have recent
been carried out in pure and mixed AFL materials.7,8 They
have revealed a sharpening of the emission spectra a
shortening of the luminescence decay time when AFL is
roreflected by a mirror. In this paper we will present mo
definitive evidence for light amplification of AFL by observ
ing directly an enhancement factor, i.e., an optical gain. T
obtained value leads to a surprisingly large amplification
efficient compared to those of the usual solid-state laser

In the present experiment we utilized impurity-associa
AFL in mixed Rb12xCsxCl (x50.18) crystals. This type o
luminescence appears in AFL-free alkali halides~e.g., KCl
or RbCl! containing alkali impurity ions with small ioniza
tion energy. They form the impurity states in the energy g
between the host valence and outermost-core bands, w
provides an additional channel for radiative decay of the c
©2001 The American Physical Society04-1



rg

s

on
d

d

n
nt
t
t

on

-

ob
as
u
y,
th

,
3

ur
th
n
e
6
u
u

tio

in

t at
ut 1

the
of
tor

As
gle
in-
ser
to

the
ple
do-

ator
-

f a

per-
of

sly,
nnel

yn-
ire
lse,

nnel
der
in
en-
m-

lat
.
ev

- -
ted
el-

RAPID COMMUNICATIONS

SHUJI ASAKA, MINORU ITOH, AND MASAO KAMADA PHYSICAL REVIEW B 63 081104~R!
holes generated on the impurity states. A schematic ene
level diagram of mixed Rb12xCsxCl is shown in the inset of
Fig. 1. The AFL arises from radiative transitions of the ho
Cl 3p valence electrons to the impurity Cs 5p core holes,
and has a lifetime of about 1 nsec. This AFL spectrum c
sists of the main band at 275 nm, the high-energy ban
240 nm, and the low-energy tail around 325 nm,9,10 as pre-
sented by a solid curve~a! in Fig. 1. It has been confirme
that the impurity AFL yield in Rb12xCsxCl crystals can sig-
nificantly exceed the intrinsic AFL yield in pure CsCl, eve
at small cesium concentration.10 The observed enhanceme
of the emission yield has been supposed to be due to
decrease of nonradiative surface losses in the region of
impurity-core absorption, leading to efficient transformati
of the incident radiation into photoluminescence.11 This fact
offers therefore fairly attractive conditions for light amplifi
cation.

The present experiment was basically a pump-and-pr
measurement with synchrotron radiation as pump and l
light as probe. Figure 2 depicts the block diagram of o
experimental setup at beam line 3A1 of UVSOR facilit
Okazaki. With the use of a permanent magnet undulator,
beam line provides quasimonochromatic light withDl/l
5%, photon flux 1015 photons/s mm2, pulse width 1.5 nsec
and repetition period 11 nsec. The undulator radiation at
eV is the most intense~0.1 nJ/pulse! at beam line 3A1.

The highest yield of the 275-nm luminescence occ
when the sample is excited with photons in the region of
Cs 5p state located at 15 eV below the bottom of the co
duction band, which is five times larger than that excit
with 36-eV photons.10 The luminescence signal excited at 3
eV is, however, greater than that excited at 15 eV, beca
the photon flux of the undulator radiation at 36 eV is abo
ten times the one at 15 eV. Hence, the undulator radia
was adjusted to 36 eV in this experiment, corresponding
the transition from the deep-lying Rb 4p core band to the
conduction band.

A freshly cleaved sample of Rb0.82Cs0.18Cl with 1-mm
thickness was mounted on a rotatable holder installed

FIG. 1. ~a! Luminescence spectrum of a Rb0.82Cs0.18Cl crystal
measured at room temperature under the excitation with undu
radiation at 36 eV. No instrumental correction has been made~b!
Spectral profile of the probe laser. Inset: Schematic energy-l
diagram showing impurity-associated AFL in mixed rubidium
cesium chloride crystals.
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vacuum chamber. The undulator radiation was inciden
nearly 45° on the sample surface with a spot size of abo
mm in diameter.

The probe was the third harmonic light~271.5 nm! of a
mode-locked Ti:sapphire laser~Coherent Mira 900F!. A
good spectral coincidence between the probe light and
main 275-nm AFL band is seen in Fig. 1. The laser light
100 fs in pulse width was synchronized with the undula
radiation by a synchronization system~SynchroLock!. The
synchronization jitter was found to be less than 100 ps.
shown in Fig. 2, the laser light was incident at a right an
to the undulator light. In order to ensure that the probe
tensity is much weaker than the pump intensity, the la
intensity was carefully reduced to becoming comparable
the AFL intensity. The pump and probe beams had nearly
same spot size, and were spatially overlapped on the sam
surface. The laser beam transmitted through the pumped
main of the sample was observed using a monochrom
~Jobin-Yvon HR320! equipped with a microchannel-plate
type photomultiplier~Hamamatsu R2809U!.

The photomultiplier signal was recorded by means o
time-gated photon counting system,12 employing one-
second-wide timing gates. The measurements were
formed at room temperature as follows: In the first second
the measurement cycle~phase 1!, both the undulator and
laser pulses arrived at the sample position simultaneou
and the photon counts were accumulated in counter cha
1 shown in Fig. 2. For the next second~phase 2!, a phase
shifter inserted between the master oscillator and the s
chronization circuit was switched on so that the Ti:sapph
laser pulse was delayed on about 8 ns to the undulator pu
and the photon counts were accumulated in counter cha
2. The total photon counts for each channel were in the or
of 53104 after 700 measurement cycles. The difference
the two counts, channel 1– channel 2, thus yielded an
hancement of the probe caused by the pumping. After co

or

el
FIG. 2. Block diagram of the experimental setup for light am

plification by using pump-and-probe method. Inside the dot
circle is an enlarged view of the sample crystal. PM: microchann
plate-type photomultiplier, THG: third harmonic generator, andd:
penetration depth of the undulator light.
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pensating time dependence of pump power, and avera
the results from five sets of measurements, we obtained
value of 1.5% with dispersion60.5% for the probe en-
hancement, which is well beyond a statistical fluctuation
0.4%.

In order to further verify the enhancement effect of t
probe light, we made the same measurement by changing
pump power under constant laser intensity. In this exp
ment,~a! the pump power was set at maximum,~b! the pump
power was reduced by 1/5 by inserting a metal mesh filte
the beam line, and~c! the spatial overlap of the pump an
probe beams was removed, meaning zero excitation at
probed region. The results are shown in Fig. 3. Althou
there are only three data points, one can see an increas
the enhancement factor with increasing the pump pow
From this figure, it is revealed that there is no possibility th
the enhancement of the probe signal is due to detection
simple fluorescence induced by the laser light.

The present result of the probe enhancement, as well a
dependence on pump intensity, provides clear evidence
the light amplification of AFL. The undulator radiation at 3
eV creates holes in the deep-lying Rb 4p core band. These
core holes relax quickly into the impurity Cs 5p core band,
resulting in the population inversion between the host Clp
valence band and this impurity core band. It is notewor
that the population inversion between these two bands
realized without any threshold intensity of excitation. W
conclude that the obtained probe enhancement is very lik
taken as a light amplification due to stimulated emission
AFL band.

When the enhancement factor« is small, the amplification
coefficientg is simply approximated asg5«/d, whered is
the penetration depth of the pump light. Taking into acco
the fact that the penetration depth of the 36-eV light into t

FIG. 3. The measured probe enhancement factor is plo
against the pump power. The pump power in~b! is 1/5 of that in~a!,
and that in~c! is effectively zero. The dotted line is a guide to th
eye.
08110
ng
he

f

the
i-

n

he
h

of
r.
t
of

its
or

y
is

ly
n

t
e

host RbCl crystal is about 20 nm,13,14 we can estimate th
amplification coefficientg573103 cm21 from the en
hancement factor 1.5%. This value is about two order
magnitude larger than those of typical semiconductor la
e.g., g'102 cm21 in GaAs-active layer o
GaAs-AlxGa12xAs double heterostructure laser.15 Such large
value ofg promises us that AFL materials have a possib
of very efficient laser action.

Since the enhancement increases with the undulator r
tion intensity, we can anticipate laser action if more inte
excitation is used to overcome laser cavity loss. Furtherm
it should be noted that no stable coloration and aging ef
were seen after prolonged~40-h! irradiation of the sample
under 0.9 W/cm2 of pump irradiance. This fact favorab
suggests that the Rb12xCsxCl mixed crystals indeed posse
a promising potentiality as a realistic laser medium. Wh
laser medium is pumped with a fixed repetition period a
our experiment, mode-locking operation of the laser is
pected if its cavity round trip time matches with the rep
tion period of the pump. In this case, the output laser p
width as short as 10 fs will be realized by considering
observed spectral width (;30 nm! of the main 275-nm ban
in the present material.

For a higher optical gain, the excitation of a thick la
(@20 nm! is supposed to be preferable. One approach to
direction is to use x rays as a pump source. Another appr
is to apply a nano lithography technique to our system
would be possible to fabricate a one-dimensional peri
array of Rb12xCsxCl crystal with 20-nm thickness on an a
propriate substrate. When the outermost-core band~Cs 5p or
Rb 4p) of each nanocrystal is pumped by photons or e
tron beams, amplified AFL is expected to appear along
array.

In conclusion, we have observed the light amplificatio
AFL in mixed rubidium-cesium chloride crystals by pum
and-probe experiment. The laser-active region of the pre
material is a surface layer as thin as 20 nm. This type of
amplification will open up the possibilities for developm
of nanometer-sized solid-state lasers operating in the
violet region.
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viding them the Rb0.82Cs0.18Cl crystals and for valuable com
ments on the manuscript. Thanks are also due to M
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Education, Science, Sports, and Culture of Japan, and
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